Objective: To investigate the influence of ingestion of beverages with sucrose or with intense sweeteners on food intake (FI) and on hunger ratings in before and after a month of daily consumption of beverages. Design: Experimental study. Setting: Department of Physiology, University Hospital, Dijon, France. Subjects: In all, 12 men and 12 women, aged 20-25 y. Intervention: Four beverages contained either sucrose (E þ :100 g/l, 1672 kJ) or intense sweeteners (EÀ: null energy content) and were flavoured with either orange (O) or raspberry (R). FI was measured in the lab during two 2-consecutive-day periods, carried out on 2 successive weeks (session 1). The subjects drank 2 l of either E þ or EÀ beverages on the first day of both weekly periods, according to a balanced randomised design. E þ was paired with O for 50% of subjects and with R for the other 50%. Subjects were then habituated over a 4-week period to both beverages, consuming 1 l of E þ beverage on odd days and 1 l of Edrink on even days. After this period, the measurements of session 1 were repeated (session 2, weeks 7-8). Finally, FI was measured for two more 2-day periods (weeks 9-10) after the association between flavour and energy content was reversed (session 3). Results: The E-drinks were less palatable than the E þ drinks. Besides, we observed that FI was not reduced in response to a liquid extra caloric load and there was no change in hunger ratings after the beverages in any of the sessions. Conclusion: Ingestion of caloric beverages induced a positive energy balance and the continuous exposure phase to these beverages over 1 month did not improve FI adaptation in response to the extra energy provided by the beverages. Sponsorship: This study was sponsored by SEV, Bourg la Reine, France; the French Ministère de la Recherche et de la Technologie (Programme AGROBIO-Aliments Demain) and the Regional Council of Burgundy (Dijon, France).
Introduction
It is now recognised that obesity is the most common nutritional disease in the world, with an increase in the prevalence of overweight by more than 50% in the last 10 y in American adults (Strauss & Pollack, 2001 ), 8-10% increase in prevalence of obesity in the adult population in France (Basdevant, 2000) , and a significant increase in height and weight in Australian children between 1899 and 1999 (Olds & Harten, 2001 ). The factors responsible for the weight gains have to be yet identified. Physical activity and diet, particularly the consumption of drinks, have received a special attention (Blundell & Cooling, 2000) . In addition, the consumption of caloric beverages has increased for some time (Dennison, 1996) with, for example, a 65% increase in volume of soft drinks consumed by American adolescent boys from 1989-1991 to 1994-1995 (Morton & Guthrie, 1998) . The results of a previous study in our laboratory indicated that hunger ratings and energy intakes did not differ after the consumption of aspartame-sweetened or sucrose-sweetened beverages (Béridot-Thérond et al, 1998) . Consequently, a significantly higher total energy intake was noted when beverages with sucrose were consumed. Actually, compensation seems to be poor if the load is a liquid product. Surveys have shown that beverages containing energy (eg soda, milk, juice) taken during a meal or as a preload, exert little effect on food intake (FI) during this meal or in the subsequent meals (Rolls et al, 1990; De Castro, 1993 . Tournier and Louis-Sylvestre showed that the total subsequent caloric intake was higher when the calories were drunk than when the calories were consumed in solid form (Tournier & Louis-Sylvestre, 1991) . In a recent review, Ludwig et al suggested that sugar-sweetened drink consumption could be an important contributory factor of excessive body weight and could constitute a health risk in USA (Ludwig et al, 2001) . This lack of short-term adjustment for energy-bearing liquids raises the question of their consequences on the long-term regulation of body weight. Many studies have shown that the consumption of carbohydrate promotes carbohydrate oxidation (Flatt, 1988; Jequier, 1993) . So it is possible that after the repeated ingestion of sweetened caloric drinks, the energy provided by these beverages is taken into account in the energy balance. For example, Spiegel (1973) and Porikos (Porikos et al, 1982) found that the adjustment of energy balance by control of FI occurred over a period of days, while Booth and McAleavey (Booth et al, 1976) showed that subjects may progressively acquire the ability to adjust their FI by associating the sensory characteristics of ingested foods with their true nutritional properties. Initially discovered in the rat by Le Magnen (1957) , the phenomenon has been confirmed and extensively studied in adult human subjects (Booth et al, 1982; Booth & Toase, 1983; Bellisle & Perez, 1994) . It has now been described in both young children (Birch & Deysher, 1985; Birch & Fisher, 1997) and adolescents (Louis-Sylvestre et al, 1989) .
The objective of the present study was to determine the effects of repeated consumption of a beverage sweetened with sucrose or a beverage sweetened with intense sweeteners on subsequent hunger ratings and FI. The subjects could discriminate the different beverages by their distinctive sensory characteristics. We noted hunger ratings in healthy male and female subjects, and measured intakes at the subsequent lunch and at the following meals for 2 days in response to the ingestion of beverages, before and after a 4-week period of alternated daily intake of both beverages.
Methods
Research design and methods Subjects. A total of 24 healthy volunteers (12 men and 12 women) aged 20-25 y (2177.3) with a body mass index (in kg/m 2 ), of 19-24 were recruited from the Burgundy student population (Dijon, France). The female subjects took contraceptive pills. None of the subjects smoked and none had any history of medical disorders. Each subject completed a 7-day food record: daily dietary intake was assessed in the month preceding the first experimental day from quantitative 1-week food records. The subjects were instructed by a dietician to note in detail their daily food and drink intake and the portion size, either weighed or expressed in usual household measures. The record was then reviewed and validated by the dietician who translated the quantities expressed as household measures into grams using a computerised dietary system. The software converted the collected data into daily energy and nutrient intakes using a food composition database containing the energy (kJ) and 41 food constituents of more than 1500 food items (compilation of Souci, Southgate and CIQUAL databases). Each subject had a regular food pattern consuming 3 meals/day. They did not use regularly intense sweeteners, did not indulge in either snacking or nibbling and had no aversion for the foods composing the experimental meals. The subjects were instructed to maintain a constant pattern of activity during the study, to not change their eating habits and to avoid alcohol intake before each experimental day. The protocol was approved by the Advisory Committee for the Protection for Humans in Biomedical Research of Burgundy, and written, informed consent was obtained from all subjects. All subjects were instructed on the experimental procedures and techniques, although they were naive as to the true purpose of the experiment.
Experimental beverages. The experimental beverages used in this study were composed of mineral water flavoured with an orange (O) or a raspberry (R) aroma, and sweetened with sucrose (E þ :100 g/l, 1672 kJ/l) or containing a mixture of intense sweeteners (E-: aspartame: 20 mg/l; acesulfame K: 110 mg/l; saccharin: 30 mg/l, null energy content). The orange-flavoured beverage was yellow and the raspberry was pink. For the Latin-square design, half of the subjects received the orange aroma associated with sucrose (caloric beverage, E þ ) and the raspberry aroma associated with the intense sweeteners (no calorie, EÀ); the other half received the opposite association: raspberry aroma associated with sucrose (E þ ) and orange aroma associated with the intense sweeteners (EÀ).
All experimental beverages were served at ambient temperature (20711C). The days when spontaneous FI was measured, the subjects had to drink 2 l of one beverage, scheduled as follows: 0.5 l at breakfast, 0.5 l during the morning, 0.5 l at lunch and the last 0.5 l during the afternoon and the dinner. Mineral water was available ad libitum after intake of the mandatory drink.
Study design. In the first session (weeks 1 and 2; Figure 1 ), FIs were measured during two consecutive 2-day periods each separated by an interval of 7 days. The subjects were required to drink 2 l of one experimental beverage during the Beverage consumption and food intake in humans V Van Wymelbeke et al first day of each period. To be sure that the subjects drank the beverages according to the imposed schedule, on the one hand, the empty bottle were taken to the laboratory, and on the other hand, they were informed that, in the beverages, a substance was added and would be measured in their urine and they had to collect urine for the said purpose (in fact, no substance was added). The second day of the 2-day period, subjects had to consume only mineral water as beverage. The order of the consumption of the experimental beverages was randomised according to a Latin-square design: during the first day of the first week, half of the subjects received the sucrose-containing beverage, flavoured with orange for 25% of the subjects and with raspberry for the other 25%, and half of the subjects received the intense sweetener-containing beverage, flavoured with orange for 25% of the subjects and with raspberry for the other 25%. During the first day of the second week, the alternate aroma/energy content drink was presented. The subjects were then habituated (weeks 3-6) to consume the beverages tested during the first session during a 4-week period. They had to drink 1 l of one beverage on the odd days and 1 l of the other beverage on the even days ( Figure 1) .
A second session of 2 weeks of FI measurements was conducted (weeks 7 and 8) similar to the first session, with the same consumption of both the beverages. For each subject, from week 1 to week 8, the association aroma/caloric content of the beverages was kept constant.
Finally, in the last session (weeks 9 and 10), FI was measured in the same way, but the association between flavour and energy content of the drink was reversed (Figure 1 ).
The day before each session, the subjects were requested not to eat or drink anything (except natural water) after 21.00. On both experimental days, breakfast was fixed in energy and macronutrient content and was taken at 08.00 at home. The subjects were instructed not to eat anything between breakfast and lunch, and between lunch and dinner. During each 2-day period of FI measurements, the subjects had lunch and dinner in the laboratory in order to measure accurately all food and drink intakes. Each subject came to the laboratory between 12.00 and 13.00 for lunch and between 19.00 and 20.00 for dinner. For these two meals, subjects had ad libitum access to a buffet of 45 palatable foods served in excess (Appendix A) including meats, vegetables, cheeses and desserts. After the lunch, the subjects could go back to usual activities, or rest in the laboratory until dinner. After the dinner, the subjects were required to remain in the laboratory until 22.00, and were requested not to eat or drink anything until breakfast on the following day (except mineral water). On the second day, FI was measured exactly as on the first day, but the subjects did not receive any experimental beverage and only had ad libitum access to mineral water.
Experimental measurements. The following measurements related to FI were made: (1) the energy intakes and macronutrient contents of the foods ingested during lunch and dinner; (2) hunger ratings at the beginning and at the end of lunches and dinners, and (3) the hedonic values of meals taken at lunch and at dinner. Hunger and hedonic values were rated on 100 mm visual analogue scales (VAS). The VAS of hunger anchored 'extremely hungry' at one extremity and 'not at all hungry' at the other extremity. The hedonic value of the experimental beverages was also rated on a 100 mm VAS at the start of lunch and dinner on the first day of each measurement periods. This VAS anchored 'extremely good' at one extremity and 'extremely bad' at the other extremity. Figure 1 Example of sequences of the sessions for six subjects (25% of the group). Weeks 1-8: O þ : orange-flavoured beverage with sucrose, RÀ: raspberry-flavoured beverage with intense sweeteners. Weeks 9-10: O-: orange-flavoured beverage with intense sweeteners, R þ : raspberryflavoured beverage with sucrose. J1: day 1 of the 2-day period where the beverage was consumed; J2: day 2 of the 2-day period where only still mineral water was ingested. The association flavour/energy content and the sequences of the beverage given weeks 1-8 were randomised for the whole group according a Latin-square design (see text).
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In addition, to discern a possible effect of supplemental calories from beverages, the subjects were weighed at the beginning of the study (week 1) and at the end (week 10).
Statistical analysis
Data were expressed as means (s.d.) . Hedonic ratings of beverages tested, foods ingested at each meals, energy intakes and macronutrient contents were compared by repeated-measures analysis of variance (ANOVA) with the type of beverage tested or session (1-3) as experimental factor. The ANOVA was followed by a post hoc multiplecomparison Tukey-Kramer test when appropriate (Po0.05).
The mean values of the parameters in a session for the different beverages were compared using Student's paired ttest. All statistical analyses were conducted using the NCSS 2000 statistical package (BMDP Statistical System for Windows, Number Cruncher Statistical Systems, Kaysville, UT, USA).
Results

Body weight of subjects
The body weights of our subjects did not change over the study period (64.379.3 kg at week 1 vs 64.279.3 kg at week 10), whereas the theoretical weight gain because of the extra calories provided by the repeated consumption of beverages containing sucrose would have been almost 0.7 kg.
Energy intake
Total energy intakes during both 2-day periods of the three sessions are presented in Table 1 . In this study, in all sessions, the total energy intake after the ingestion of beverages with sucrose were significantly higher than after the ingestion of beverages with intense sweeteners (Po0.001, Table 1 ). Furthermore, the subjects tended to eat increasing amounts between sessions 1 and 3. Session 1. The ingestion of beverage with sucrose provided an additional 3344 kJ on the first day, which represented an extra caloric mean load of 41% of the energy provided by ad libitum food consumption on that day. After the ingestion of both beverages, the subjects consumed significantly less solid food on the first day than on the second day of the measurement periods, but the difference was only significant after the beverage with sucrose (Po0.01, Table 1 ). The total energy provided by the ad libitum solid FI independent of fluid intake on 2 days did not differ significantly between the two 2-day measurement periods, irrespective of the According to the crossover design, 50% of the subjects had the orange flavour and the other 50% the raspberry flavour. On session 3, the association flavour/energy content was inverted for each subject. O: orange flavour for 50% of the subjects; R: raspberry flavour for the other 50%; +: beverage with sucrose (energy); À: beverage with intense sweetener (no energy). wThe means were compared with use of repeated-measures analysis of variance. Means within columns with different superscript letters are significantly different (ANOVA and Tukey-Kramer test, Po0.05). z The food intake on day 2 is significantly larger than the food intake on day 1 (paired t-test, Po0.01).
(%): Macronutrient intakes expressed as a percentage of the energy provided by food intake.
Beverage consumption and food intake in humans V Van Wymelbeke et al sweetener in the experimental beverages. However, when the calories of beverages were added at the energy ingested, the total energy consumption on 2-day measurement period was significantly higher after the beverage with sucrose (2072876030 kJ) than that ingested on the 2-day period after ingestion of the intense sweetened beverage (1774575653 kJ) (Po0.001). There was no significant change in the amount of macronutrients consumed during both FI measurement periods (Table 1) .
Session 2. After the 4-week period of alternating ingestion of each beverage, the results for FI parameters were the same as in the first session, that is, a significant reduction in FI on the first day after the ingestion of beverage with sucrose compared to the second day (Po0.01) and no significant difference of FI between the 2-day measurements after the ingestion of beverage with intense sweeteners (Table 1) . However, the total energy intake over the 2-day measurement periods was still significantly higher after the beverage with sucrose than after the beverage with intense sweeteners because of the additional calories from the sucrose-containing beverage (Po0.001, Table 1 ). No difference was observed for the intake of macronutrients (Table 1) .
Session 3. The inverted association of flavour/sweetened caloric content of the beverages did not modify the subjects' food consumption, with results comparable to those in sessions 1 and 2 for the food ingested during the 2-day period (Po0.01), for the total energy (Po0.001). and for the macronutrient intakes (Table 1) . Thus, repeated intake of the beverages did not induce any conditioned adjustment of FI to flavour cues. We observed that the FI on the first day of each session was slightly, but not significantly, lower after the ingestion of beverage with sucrose than after that with intense sweetener (Table 1 ). This small difference vanished on the second day of each session. Table 2 shows that the hedonic ratings for the foods consumed at different meals ranged from 68 to 81 mm Table 2 Hedonic and hunger ratings given by the 24 subjects during both 2-day food intake measurement periods of the three sessions Data collected are means 7s.d.; n=24. According to the crossover design, 50% of the subjects had the orange flavour and the other 50% the raspberry flavour. On session 3, the association flavour/energy content was inverted for each subject. O: Orange flavour for 50% of the subjects; R: Raspberry flavour for the other 50%; +: beverage with sucrose (energy); À: beverage with intense sweetener (no energy). The means were compared with use of repeated-measures analysis of variance. Means with different superscript letters are significantly different (ANOVA and TukeyKramer test, Po0.05).
Hedonic and hunger ratings
*
The two values indicated are significantly different (Tukey-Kramer test, Po0.05).
w The rating is significantly higher than the other one in the same session (paired t-test for the energy content, Po0.001).
Beverage consumption and food intake in humans V Van Wymelbeke et al (mean: 76.3 on a 100 mm scale), with no significant difference according to the period of measurement. This indicated that the subjects liked the foods equally well for the same meal over the three sessions. In addition, there was no significant difference in hunger ratings at the beginning of the meals, except for a lower rating at the lunch of session 1 associated with the beverage sucrose as compared to the lunch of session 3 (Po0.05, Table 2 ). The hunger ratings at the end of the meals did not differ between the experimental conditions.
Hedonic ratings of beverages
At lunch and at dinner, the ratings of beverages containing intense sweeteners were lower than the ratings given to the beverages containing sucrose specially when the subjects ingested them for the first time (session effect at lunch: Po0. 01 and session effect at dinner: Po0.001 following by the Tukey-Kramer test, Po0.05). In sessions 1 and 2, the subjects slightly, but significantly, preferred the beverages containing sucrose to those containing intense sweeteners. This preference for the beverages with sucrose had declined by session 3 (paired t-test for energy content: Po0.001). There was no difference, at any session, in the hedonic ratings of orange vs raspberry flavours.
Discussion
In each 2-day session, the energy intake of food ingested was slightly but not significantly lower after the beverages with sucrose than after the beverages with intense sweeteners. This difference was quite small on the first day (respectively 16, 12 and 4% of the extra energy provided by the beverages with sucrose) and disappeared on the second day of the 2-day measurement period. In addition, the subjects ingested less food on the first day than on the second day in all measurement periods: after ingestion of the beverages with sucrose, these differences were significant and reached 37% in session 1, 30% in session 2 and 24% in session 3; after the beverage with intense sweeteners, they were 15% in session 1, 14% in session 2 and 21% in session 3. This may be because of the gastric distension by the beverages ingested during the first day. Both observations are in line with the finding of Cecil (Cecil et al, 1998 ) that a caloric liquid produces a large suppression of appetite after oral administration indicating an interaction of orosensory, gastric and intestinal factors. Study Cecil et al also demonstrated that gastric distension tended to overwhelm any direct influence of intestinal stimulation on appetite, although the effect was influenced by information about the food (Cecil et al, 1998) . Lappalainen et al. (1993) reported that consumption of an extra 400 ml of water during breakfast decreased the sensation of hunger during a meal. Another recent study has shown that a sucrose preload increases fullness and decreases prospective consumption over the following 3 h compared with water when given orally (Lavin et al, 2002) .
However, in our study, when the energy of beverages (3344 kJ) was added to that from the ad libitum FI, the total energy ingested over 48 h was significantly higher after the drink with sucrose than after the drink with intense sweeteners. This result is in line with other reports (Stokley et al, 1984; Rodin, 1990; Rolls et al, 1990; Foltin et al, 1993) and corroborates our previous findings that, in adults, the energy content of ingested fluids did not modify FI and that energy provided by a sucrose-sweetened beverage was not taken into account by the energy-balance mechanism (Béridot-Thérond et al, 1998) . In another study, it was shown that energy from beverages added to total energy (De Castro, 1993) . Harnack observed that school children drinking an average of 255 ml or more of soft drinks daily consumed almost 785 kJ more total energy per day than did those not consuming this type of beverage (Harnack et al, 1999) . Tordoff and Alleva compared the consumption of sugarsweetened drinks and artificially sweetened drinks for 3 weeks and found that total energy intake and body weight increased with the former and decreased with the latter (Tordoff & Alleva, 1990) . Di Meglio and Mattes reported differences in the effect of matched liquid (soda) and solid (jelly beans) carbohydrate loads of 1880 kJ/day on diet and body weight over two 4-week periods (Di Meglio & Mattes, 2000) . Dietary energy compensation was quite precise (118%) after consumption of the solid food, but inaccurate (À17%) after the matched liquid one. In consequence, body weight and body mass index increased significantly only during the liquid ingestion period of the study (Di Meglio & Mattes, 2000) . A recent study of Raben observed that when overweight subjects consumed large amounts of sucrose mostly in the liquid form, energy intake, body weight and fat mass increased more than when they consumed the same amounts of liquid with artificial sweeteners (Raben et al, 2002) . These studies indicate that drinks with energy as carbohydrate promote positive energy balance, and that this consumption might lead to obesity or overweight because of poor compensation. These findings also agree with metaanalysis of 42 studies that found a mean compensatory dietary response error of approximately 36% to solid food challenges, but a 109% error to fluid vehicles (Mattes, 1996) .
In our study, no learning of caloric content arose since the total energy intake was always higher after the beverages with sucrose on sessions 2 and 3 after the 4-week daily beverage consumption period. However, the body weights of our subjects did not change during the 10 weeks of the study, whereas the consumption of 1672 kJ/day during the 4-week period should have led to a mean body weight gain of about 0.7 kg. It is possible that the extra consumption of carbohydrate was burned rather than stored by a corresponding rise in energy expenditure. Measurements of nutrient balance and respiratory exchanges should throw more light on this question. Leblanc and co-workers showed that postprandial thermogenesis is increased after the ingestion of palatable foods by human subjects (Leblanc et al, 1991; Leblanc & Souci, 1996) . In a previous study, we showed that the rate of energy expenditure was not different after four lunch meals differing in energy content, although the rates of fat and carbohydrate oxidation were significantly different (Van Wymelbeke et al, 2001) . The consumption of a beverage with sucrose should have induced negative alliesthesia (Cabanac, 1971; Cabanac & Fantino, 1977; Fantino, 1984) , an effect that may reduce ingestion of carbohydrate at the next meal. Our subjects did not significantly modify their food ingestion or the amounts of the macronutrients after the beverages.
In conclusion, the present study indicated that when subjects consume beverages with sucrose, their total energy intake is significantly higher than after ingestion of beverages made equally sweet with noncaloric substances. The compensation of FI for energy provided by drinks containing sweetened calories is imprecise and no adjustment of energy intake was observed even after some weeks of consumption. The subjects do not appear to learn to take account of the calories in liquid form. These observations indicate that nutritional guidelines should include caveats about the ingestion of sugars in liquid form.
